'To whom correspondence should be addressed UDP-GlcNAc:GlcNAcp-R pi->4r/V-acetylglucosaminyltransferase (B4-GlcNAcT) of the snail Lymnaea stagnalis is an enzyme with structural resemblance to mammalian £4-galactosyltransferases O4-GalT). The enzyme, which is present in the prostate gland of the snail, was expressed in a recombinant form in insect cells using the baculovirus technology. This form was used to determine the enzyme's in vitro substrate specificity in order to assess its possible role in vivo. The enzyme appeared to be a genuine GlcNAcT as no UDP-sugar other than UDP-GlcNAc could serve as an efficient donor substrate. Acceptor specificity studies showed that the enzyme is far more restricted in acceptor usage than B4-GalT. Oligomers of B4-GlcNAc were relatively poor acceptors, indicating that this enzyme is not involved in the synthesis of chitdn-like molecules. Both its polypeptide structure and acceptor specificity suggest that it neither is implicated in the synthesis of the chitobiose core of N-linked glycans. Preferred substrates are those that contain a B-GlcNAc residue attached to the carbon-6 of Gal or GalNAc residues, as found in vertebrate blood-group I-active and O-Iinked core 2-and 4-based oligosaccharides, respectively. By contrast, compounds in which GIcNAc is B6-linked to Man (as in N-linked glycans) are poor acceptors. Analysis of the products formed in vitro by H-NMR spectroscopy and acetolysis showed that the enzyme establishes a GIcNAcBl-»4GlcNAc linkage and shows branch specificity with a blood-group I-active trisaccharide substrate. Furthermore, the enzyme differs from B4-GalT in that it is not responsive to ot-lactalbumin. It is proposed that the enzyme functions in a novel, variant pathway of complex-type oligosaccharide synthesis in the snail.
Introduction
UDP-Gal:GlcNAcP-R p4-galactosyltransferase (P4-GalT) is a housekeeping glycosyltransferase that is present in almost all mammalian tissues (Rajput et aL, 1996) . The enzyme controls the synthesis of lacNAc (Gaipi-»4GlcNAc) based complextype oligosaccharides as occur (N-and O-linked) on glycoproteins as well as glycolipids (Schachter and Roseman, 1980) . By contrast, in invertebrates complex-type glycans are predominantly based on the lacdiNAc (GalNAc pi-»4GlcNAc) disaccharide motif (see references cited in Neeleman and Van den Eijnden, 19%) the synthesis of which is controlled by a UDPGalNAc:GlcNAcf}-R P4-A f -acetylgalactosaminyltransferase ((M-GalNAcT) (Van den Eijnden et al., 1995a) . p4-GalNAcTs with an acceptor specificity very similar to that of mammalian p4-GalT have been found in the snail L stagnalis (Mulder et al., 1995) , two schistosomal species (Neeleman et al., 1994; Srivatsan et al., 1994) , and insect cells (van Die et aL, 1996) .
The snail albumen gland (34-GalNAcT has recently been reported to share with mammalian p4-GalT the property of being induced by a-lactalbumin, a mammary gland protein that is highly expressed during lactation, to act on glucose (Neeleman and Van den Eijnden, 1996) . Based on the shared properties, it was anticipated that these enzymes would show similarity at a molecular level. This has prompted us to attempt the cloning of the snail B4-GalNAcT by heterologous hybridization, using a bovine p4-GalT cDNA (Shaper et al., 1986 ) as a probe. Unexpectedly, the expression of the isolated cDNA revealed that it rather encoded a novel UDP-GlcNAc: , the existence of which could not have been predicted from oligosaccharide structural data (Bakker et al., 1994) . This enzyme, which is genetically related to mammalian fM-GalTs, appeared to have a restricted expression in snail tissues with relatively high levels in the prostate gland. In vitro it catalyzes the transfer of GIcNAc from UDP-GlcNAc in P l-»4 linkage to GlcNAcP-S-pNP. The available evidence has led us to propose that p4-GalT, B4-GalNAcT, and p4-GlcNAcT constitute a separate glycosyltransferase family, the members of which are capable of catalyzing the transfer of various sugars from their respective UDP-sugar donors in pi-^4 linkage toward the same type of acceptor (Van den Eijnden and Joziasse, 1993; Bakker et al., 1994; Van den Eijnden et al., 1995b) .
Mammalian p4-GalTs (Schachter and Roseman, 1980; Blanken et al., 1982) and invertebrate B4-GalNAcTs (Neeleman et al., 1994; Srivatsan et al., 1994; Mulder et al., 1995; Van Die et al., 1996) have a relatively broad acceptor specificity; they act on almost every terminal P-linked GIcNAc residue regardless of the underlying structure, hi view of the relatedness of the p4-GlcNAcT with these enzymes, the question arose whether this glycosyltransferase would possess a similarly broad acceptor specificity and for instance, by being capable of acting on its own product, could catalyze the production of oligomers of GIcNAc and chitin-like structures. As very little information is available on carbohydrate structures in Lstagnalis, we assessed the potential in vivo function of the snail P4-G1CNACT by studying its in vitro substrate specificity.
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It was found that the enzyme shows a much more restricted acceptor usage than mammalian fi4-GalTs and invertebrate [J4-GalNAcTs, and that it is not capable of synthesizing chitinlike structures. Based on its properties a role of the enzyme in a novel, variant pathway of complex-type oligosaccharide synthesis is proposed.
Results
Partial purification of the enzyme and optimization of the $4-GlcNAcT assay conditions A highly concentrated (350 mU-mT 1 ), partially purified (360 times) recombinant P4-G1CNACT preparation was obtained by affinity chromatography on UDP-hexanolamine-Sepharose and dialysis against a solution containing 50% glycerol. When stored at -20°C in 50% glycerol the enzyme remained fully active for at least one year while without glycerol the activity dropped rapidly. Optimal assay conditions were determined using UDP[ 3 H]GlcNAc as donor and GlcNAc-S-pNP as acceptor substrate by varying the pH, and the concentration of Triton X-100 and divalent cations. The enzyme was active over a broad pH range with an optimum between pH 6.5 and 7. Triton X-100 did not enhance the enzyme activity at the concentrations tested (0-1%). The (34-GlcNAcT had an absolute requirement for divalent cations since addition of 20 mM EDTA resulted in a complete loss of activity. Addition of Mn 2+ at concentrations between 10 and 30 mM stimulated the activity 50-fold, while the activity strongly dropped at concentrations above 40 mM. Addition of 20 mM Zn , Ca 2+ , or Mg 2+ had very little effect on the enzyme activity.
Donor specificity and effect of a-lactalbumin
Because of the sequence similarity between the snail B4-GlcNAcT and mammalian (34-GalT (Bakker et al, 1994) and the known nucleotide sugar promiscuity of the latter enzyme (Palcic and Hindsgaul, 1991) , it was investigated whether the recombinant B4-GlcNAcT likewise could use UDP-sugars other than UDP-GlcNAc. Using the standard assay system but adding UDP-Gal, UDP-GalNAc, and UDP-Glc at concentrations of 1 mM in stead of UDP-GlcNAc, a low but detectable activity was found that amounted maximally 5% of that obtained with UDP-GlcNAc. However, with UDP-Man, UDPXyl, and UDP-GlcNH 2 the enzyme showed no activity above the detection limit (0.5%). From Lineweaver-Burk plots a K m of 54 p,M for UDP-GlcNAc was estimated, which is close to the K m values of B4-GalT for UDP-Gal (60-70 uM; Hill and Brew, 1975) and UDP-GalNAc (52 (xM; Do et al, 1995) . The sequence similarity of the B4-GlcNAcT and (34-GalT also prompted us to investigate whether a-lactalbumin was capable of inducing the B4-GlcNAcT to act on Glc in analogy to its action on p4-GalT (Hill and Brew, 1975) and snail £4-GalNAcT (Neeleman and Van den Eijnden, 1996) . In the presence of 6 mg-ml" 1 a-lactalbumin, however, no transfer of GlcNAc from UDP-GlcNAc to Glc was observed. Neither had a-lactalbumin any stimulatory or inhibitory effect on the action of p4-GlcNAcT on GlcNAc.
Acceptor specificity
In order to access its in vivo function, the acceptor substrate specificity of the partially purified recombinant (14-GlcNAcT was investigated with a number of oligosaccharides that are related to chitin, N-and O-linked glycans and blood group Ii-antigenic structures (Table I) . For comparison the GlcNAcT activity of a partially purified Lstagnalis prostate gland enzyme preparation, obtained by affinity chromatography of a Triton X-100 extract of the glands (3 mU-mT 1 ), and the GalT activity of bovine milk |}4-GalT (50 mU-mT 1 ; Blanken et al., 1982) toward several of these oligosaccharide substrates was also tested (Tables I, H) . Virtually all substrates with a terminal fj-linked GlcNAc residue appeared to serve as an acceptor for the recombinant 34-GlcNAcT, while those terminating in (3-GalNAc or P-Gal showed very poor acceptor properties (see also Bakker et al., 1994) . Comparison of the activities obtained with compound 2 and 3 clearly shows that a (3-configuration of the accepting GlcNAc is essential for activity. Apart from the monosaccharide acceptors (2 and 5) a hydrophobic aglycon by itself did not improve the acceptor properties of the oligosaccharides. It rather appeared that when the terminal GlcNAc residue in the acceptor is pi-»6-linked to the penultimate sugar the activity is enhanced (compare 9 with 10,13 with 14, 15 with 16, 21/22 with 24/25, 26 with 27/28, 29/30 with 31/ 32). This is particularly true when the penultimate sugar is a Gal or GalNAc residue and is even more pronounced when the carbon-3 atoms of these residues are substituted with a Gal or GlcNAc (27, 28, 32) . Since the latter sequences only occur in O-linked glycans and blood-group I-acn've substances, oligosaccharides that form part of such glycans show the best acceptor properties for the recombinant {}4-GlcNAcT. Those that form part of chitin and N-linked chains are not highly preferred. The activity with compounds 17 and 18, which are specific substrates for GlcNAcT I (Schachter, 1991) , is probably not due to the recombinant enzyme as the culture medium of insect cells infected with baculovirus containing an unrelated gene, also showed similar activity with substrate 18. The very low rates of incorporation into compounds 19-23, which are substrates for GlcNAcTs II (20), m (20-23), IV (20-22), and V (19, 21-23) (Schachter, 1991) , show that the recombinant enzyme is essentially devoid of these activities. The activity with compounds 24 and 25 most probably has to be ascribed to the enhanced action of the recombinant (34-GlcNAcT on acceptors with a GlcNAc in pi-»6-linkage rather than to a contamination by GlcNAcT VI (Brockhausen et al., 1989) .
The acceptor specificity of the GlcNAcT partially purified from the snail prostate gland appeared essentially identical to that of the recombinant enzyme with one exception. Compound 21 (di-antennary oligosaccharide) was acted upon by the gland enzyme with a much higher activity than the recombinant B4-GlcNAcT. As this oligosaccharide is also a substrate for GlcNAcTs m, IV, and V (Schachter, 1991) this activity most likely is due to the presence of one or several of these enzymes in the prostate gland.
In this study special attention was paid to the fact that the P4-GlcNAcT establishes a GlcNAc pi->4GlcNAc linkage and therefore potentially could be involved in the synthesis of chitin-like molecules. The activity on oligomers of GlcNAc appeared comparatively low (Table I) . To exclude that this low activity was due to enzymatic degradation of acceptors or newly formed products an experiment was conducted in which GlcNAc, GlcNAcpi->4GlcNAc, GlcNAcpi-»4GlcNAcpi-> 4GlcNAc, and GlcNAcpl-»4GlcNAcpi->4GlcNAcpi-» 4GlcNAc, at concentrations of 5 mM each, were incubated in one mixture. The formed radioactively labeled oligomers of GlcNAc would then largely be protected against such a degradation. However, under these conditions these substrates still Table I . Acceptor specificity of recombinant LstagnaUs fM-GlcNAcT partially purified from Lstagnalis prostate Acceptor^4 -GlcNAcT partially gland and bovine milk purified from insect cell P4-GaTT Relative activity (%) Recombinant GlcNAcT medium (360 times concentrated)
Prostate gland GlcNAcT compared to
Bovine milk GalT 1. GlcNAc 2. GlcNAcpi->pNP 3. GlcNAcal->pNP 4. GalNAcpi->pNP 5. GlcNAcpl->S-pNP 6. GlcNAcpi->NH 2 7. GlcNAcpi->Asn 8. Structures that are related to chitin 9. GlcNAcpl->4GlcNAc 10. GlcNAcpi->6GlcNAc 11. GlcNAcBl->4GlcNAcpi->4GlcNAc 12. GlcNAcBl->4GlcNAcpi->pNP 648" 368"
Relative activity was assayed using a theoretical acceptor site concentration of 1 mM in terms of terminal GlcNAc; 100% activity corresponds to an activity of 6.5 pmol • min" 1 for the recombinant enzyme, 2.7 pmol • min" 1 for the prostate gland enzyme and 5.0 pmol • min" 1 for bovine milk f!4-Ga]T.
•R •= CKCHJ^-COOCHJ.
•"Values calculated from Blanken et al, 1982 .
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•GlcNAc and Gal, respectively.
appeared to have poor acceptor properties (Table II) . Also no polymerase activity was observed with an efficient acceptor like GlcNAcfJ-»pNP; upon prolonged incubation no products larger than GlcNAcpi->4GlcNAcpi->pNP were detectable. Because of the above mentioned relationship of the (J4-GlcNAcT and ^4-GalT, the activity of the latter enzyme was assayed with several acceptor compounds for comparison (Table I and II) . The activities with all substrates tested showed only relatively minor variations. Although two substrates with a (36-linked GlcNAc (to Man or Gal, compound 24 and 31) were the best acceptor substrates, f}4-GaiT appears to possess a much less outspoken preference for specific substrates than the P4-G1CNACT.
Kinetic parameters
Of several substrates the K m and V values were estimated (Table HI) . While the V values for all compounds appeared to be of the same order, the K m values varied over almost three orders of magnitude. This resulted in high kinetic efficiencies for compound 27 and 32. These compounds both contain a GlcNAc residue in £1->6-linkage to a p3-substituted Gal or GalNAc residue, which feature thus appears to be a major structural requirement for optimal f}4-GlcNAcT activity.
Product identification and branch specificity
Because of the superior acceptor properties of compound 32 (GlcNAcpi-»3[GlcNAcpi-»6]Gal) and 27 (Gaipi-> 3[GlcNAcpi->6]GalNAcotl-pNP) the structures of the products formed by the action of the (J4-GlcNAcT on these oligosaccharides were determined. With compound 32, mono-(1.2 u,mol) and di-A'-acetylglucosaminylated (0.3 ^rnol) products were obtained which were separated by filtration on Bio-Gel PA (data not shown). The 400 MHz 'H-NMR spectra and the chemical shift data of the substrate and these products are shown in Figure 1 and Table IV, respectively. The resonances of the structural reporter groups of the substrate were assigned according to published data (Auge et al, 1979; Van Halbeek et al., 1982) . Incorporation of one and two GlcNAc residues resulted in the appearance of signals at positions characteristic for a GlcNAc residue in p4-linkage to a £-GlcNAc (H-l 8 = 4.581 and 4.590 ppm; NAc-CH 3 8 = 2.068 ppm; Bakker et al., 1994) . Only minor upfield shifts (AS = < -0.007 ppm) were found for the H-l and NAc-CH 3 signals of B3-GlcNAc and P6-GlcNAc in the products. These upfield shifts of the resonances of the B6-linked GlcNAc were largest, however, upon introduction of the first B4-GlcNAc to yield the mono-A'-acetylglucosaminylated product, suggesting that in this product the B4-GlcNAc had been introduced to tfiis B6-GlcNAc. By contrast, upfield shifts of the resonances of the B3-linked GlcNAc residue appeared to be largest upon introduction of a second B4-GlcNAc residue, to yield the di-N-acetylglucosaminylated product. Moreover, the chemical shift values of the firstly incorporated B4-GlcNAc were unaltered in the di-A'-acetylglucosaminylated product. These results suggested that the B4-GlcNAc residue incorporated secondly was attached to the B3-GlcNAc and not to the B4-GlcNAc. To obtain further support for these conclusions substrate 32 and its mono-and di-A'-acetylglucosaminylated products were subjected to acetolysis under conditions where 1->6 linkages are preferentially cleft (Fournet et al.. 1980) . Characterization of the degradation products by HPAEC showed that the substrate yielded two fragments that co-eluted with GlcNAc and GlcNAcBl-» 3Gal, respectively (Figure 2A) . The mono-A'-acetylglucosaminylated product yielded a radioactive product that eluted with the same volume as GlcNAc 1-»4GlcNAc and an unlabelled fragment co-eluting with GlcNAcfM->3Gal, while no radioactive GlcNAc and GlcNAcl-»4GlcNAc31-»3Gal could be detected ( Figure 2B) . By contrast the di-A'-acetylglucosaminylated product yielded two radioactive fragments coeluting with GlcNAcl-»4GlcNAc and GlcNAcl-> 4GlcNAcpl->3Gal, respectively, but not with GlcNAc l-» 4GlcNAcpi-»4GlcNAc. Together, these results indicate that the [54-GlcNAc introduced firstly into the substrate was exclusively attached to the p6-linked GlcNAc residue while the second p4-GlcNAc was attached to the (J3-linked GlcNAc (and not to the (54-GlcNAc residue). This conclusion is in full accord with the enzyme's decreasing acceptor preference: GlcNAcpi->6Gal > GlcNAcpi->3Gal > GlcNAcpi-> 4GlcNAc (Table I) . Hence it appears that the P4-G1CNACT shows a pronounced branch specificity with substrate 32.
The 400 MHz 'H-NMR spectra and the chemical shift data of compound 27 and its A'-acetylglucosaminylated product are shown in Figure 3 and Table V, respectively. The resonances of the structural reporter groups of the substrate are essentially identical to those published before (Yousefi et al, 1991) increase in that of the NAc-CH 3 (A8 = +0.004 ppm) of the 36-linked GlcNAc, while a significant downfield shift is seen in the H-l resonance of the Gal residue (A8 = +0.029 ppm). The latter result precludes that the GlcNAc is introduced to position C-3 or C-6 of the Gal residue since such substitutions are known to have only a very minor effect on the H-l resonances of a Gal residue f$3-linked to GalNAca-R (where R is an aromatic aglycon; Brockhausen et al, 1983 Brockhausen et al, , 1986 . Further proof for the structure of the product formed with compound 27 was obtained by methylation analysis. The product yielded equimolar amounts of l,4,5-tri-0-acetyl-3,6-di-0-methyl-2-acetamido-2-deoxy-2-N-methyl glucitol and 1,5-di-O-acetyl-3,4,6-tri-0-methyl-2-acetamido-2-deoxy-2-A'-methyl glucitol, whereas the substrate only yielded the latter GlcNAc derivative. Furthermore, with the product as well as with the substrate only a single Gal derivative was obtained: l,5-di-<9-acetyl-2,3,4,6-terra-O-methyl galactitol, indicating that no substitution had taken place to Gal. These results, along with those obtained by NMR spectroscopy, demonstrate that a GlcNAc residue had been introduced in [M-linkage to the f}6-linked GlcNAc and not to the (}3-linked Gal residue in compound 27, which is in full accord with the previously described specificity of the recombinant enzyme (Bakker et al., 1994) .
Discussion
In this study we have investigated the substrate specificity of the novel 34-GlcNAcT, that we recently cloned from the prostate gland of the pond snail Lstagnalis (Bakker et al., 1994) , in order to assess the enzyme's potential role in the synthesis of specific oligosaccharide structures in this organism. The p4-GlcNAcT shows a relatively high affinity (low K m ) for UDPGlcNAc, but cannot efficiently utilize other UDP-sugars as donor substrate. Even with UDP-Gal, the donor substrate for (34-GalT to which the ^4-GlcNAcT genetically is related, a minimal activity was obtained. This indicates that the enzyme is not a glycosyltransferase that promiscuously uses UDPGlcNAc (cf. Palcic and Hindsgaul, 1991) but is a genuine GlcNAcT. Considerable (M-GIcNAcT activity (63 u-U/mg protein) was also found in the snail prostate gland, the source organ of the cDNA. This indicates that the products that are formed by this enzyme in vitro may also be expected to occur in the prostate gland itself. The GlcNAcfil-»4GlcNAc (chitobiose) unit that is formed by the action of the enzyme is also established by the action of chitin synthases such as those in yeast (Kang et al., 1984) , fungi (Yanai etal., 1994) , and insect cells (Londershausen et al, 1988) , and the (lipo-)chitin oligosaccharide synthases of rhizobium species (NodC; Fisher and Long, 1992; Spaink and Lugtenberg, 1994) and Xenopus (DG42) (Semino and Robbins, 1995) . The question therefore arose whether the P4-GlcNAcT would be involved in the synthesis of chitin-like structures. However, the snail enzyme has appeared to be structurally unrelated to these polymerizing and oligomerizing enzymes (Bakker et al., 1994) . In addition, it appears to act only poorly on oligomers of GlcNAc. Therefore, the only possible involvement of the |}4-GlcNAcT in chitin synthesis could be as an initiating enzyme. Evidence for the existence of additional f}4-GlcNAcTs, that would act as polymerases, however, has not been obtained so far in the snail. Another interesting possibility is that the f}4-GlcNAcT would function as a "primase" for hyaluronan synthesis as might be mediated by DG42 (Meyer and Kreil, 1996; Varki, 1996) . However, no glucuro- nyltransferase activity could be detected in snail tissues using chitobiose as acceptor.
The enzyme furthermore appears to be different from the P4-GlcNAcT that is involved in the synthesis of the chitobiose core of N-linked glycans. The latter enzyme is localized in the ER with its catalytic domain exposed in the cytosol acting on an ot-linked GlcNAc residue (Abeijon and Hirschberg, 1992) . By contrast, the predicted membrane topology of the snail P4-GlcNAcT is that of a type II membrane protein (luminal, noncytosolic catalytic domain; Bakker et aL, 1994) . In addition, the enzyme shows only low activity with GlcNAca-pNP as compared to the P-anomeric substrate, and its activity could not be detected in several vertebrate sources that are capable of N-glycosylation (unpublished observations). Thus, the snail (34-GlcNAcT must have a novel function that is different from those of the enzymes mentioned.
The acceptor specificity of the snail (M-GlcNAcT shows similarities with those of mammalian p4-GalT and invertebrate S4-GalNAcT. However, although the P4-G1CNACT also acts on terminal (B-GlcNAc residues, this enzyme is far more restricted in its acceptor usage in that it shows a high preference for structures that carry a terminal p-GlcNAc residue 1->6-linked to Gal or GalNAc. In mammals this structural feature occurs in blood group I-active and O-linked core 2 and 4 based oligosaccharides, respectively. Although O-linked structures containing a (36-GlcNAc residue have not been described in Lstagnalis, they occur in invertebrates (Khoo et aL, 1995) . It may therefore be assumed that such structures form natural substrates for the p4-GlcNAcT. Similarly, it is not known whether GlcNAcpi-»3[GlcNAcpi-*6]Gal branching points of blood-group I-active structures occur on snail glycans. With this trisaccharide the f*4-GlcNAcT shows in vitro branch specificity in which the p6-branch is highly preferred. In this respect the P4-G1CNACT resembles 34-GalT, which also prefers the (36-GIcNAc residue in such a substrate (Blanken et aL, 1982) . On the other hand acceptors that form part of N-linked glycans are relatively poor substrates even when a pi-»6-linked GlcNAc (to Man) is present. Therefore, it seems less likely that GlcNAcp 1->4GlcNAc units will be formed at the branches on N-linked glycans in the snail.
Other GlcNAcTs that are capable of catalyzing the transfer of a GlcNAc residue in p4-linkage are mammalian GlcNAcT El and IV (Schachter, 1991) , avian GlcNAcT VI (Brockhausen et al., 1989) , and an intersecting GlcNAcT found in Dictyostelium discoideum (Sharkey and Komfeld, 1989) . These four enzymes, however, each act on only one specific Man residue present in a particular structural background. The snail p4-GlcNAcT clearly has a totally different specificity as the recombinant form shows low activity with specific acceptors for these enzymes. However, likewise it may be sensitive to the structural environment of the accepting GlcNAc residue in view of the different kinetics with which it acts on GlcNAcpl->6Gal and GlcNAcpi-»3[GlcNAcpi->6]Gal.
In addition to P4-G1CNACT, Lstagnalis prostate gland contains a significant p4-GalNAcT (but not p4-GalT) activity (Bakker, 1996) that resembles the activities in snail albumen gland and connective tissue (Mulder et aL, 1995) . Provided that in the prostate gland the P4-G1CNACT and the P4-GalNAcT are expressed in the same cell type and are not physically separated due to a differential localization within the cell, both enzymes may compete for certain common acceptor sites (P6-linked GlcNAc residues) on glycoconjugate substrates. Interestingly, addition of a GlcNAc residue by the first enzyme will not preclude the addition of a p4-GalNAc residue by the second enzyme since snail p4-GaINAcT efficiently acts on GlcNAcpi->4GlcNAc (Mulder et al., 1995) . It therefore appears that a combined action of these glycosyltransferases leads to the synthesis of GalNAcpi->4GlcNAcpl->4GlcNAc structural units on complex-type glycans. So far this element has only been found in the N-linked oligosaccharide chains of batroxobin, a snake venom serine protease (Lochnit and Geyer, 1995) . Non-N-linked core GlcNAc 1->4G1CNAc structural elements have furthermore been described in oligosaccharides from B-active and non-B-active blood group substances of horse gastric mucosa (Newman and Kabat, 1976) , hog gastric blood-group I-and A-active glycosphingolipids (Slomiany and Slomiany, 1977) and blood-group I-active polyglycosylceramides from human erythrocytes (Zdebska and Koscielak, 1978) , in the latter of which it occurs in a Gaipi-»4GlcNAcpi-» 4GlcNAc sequence. Although the structures of these compounds have not been confirmed more recently, it will be of interest to investigate whether a homolog of the snail P4-544 at Vrije Universiteit -Library on March 15, 2011 glycob.oxfordjournals.org
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Substrate specificity of snail (M-N-acetylglucosamlnyitransferase GlcNAqgi 0 3 6 9 Retention time (min.) Fig. 2 . Analysis of the acetolysates of (A) GlcNAcpi->6<GlcNAcpi->3)Ga] (compound 32), and of its (B) mono-and (O di-N-acetylglucosaminylated derivatives by HPAEC-PAD. The elution positions of the following references are indicated: 1, GlcNAc; 2, GlcNAcpi->4GlcNAcpi->4GlcNAc; 3, Gal; 4, GlcNAcfl 1 ->4GlcNAc; 5, GlcNAcpi->4GlcNAcPl->3Gal; 6, GlcNA C pi->3Gal. Radioactive peaks are indicated by an asterisk.
GlcNAcT occurs in mammals and in other vertebrates (e.g., snakes).
Based on the results of this study it is proposed that a novel variant route of complex-type oligosaccharide synthesis may exist in which structures are formed that contain a non-core chitobiosyl unit It may be speculated that in certain species this pathway, that tentatively may be referred to as the "chitobio" pathway, operates concurrent with the lacNAc pathway, the lacdiNAc pathway or both (Figure 4) . Studies are in progress to map the subsequent steps in each of these pathways that lead to the various terminal structures. (Blanken and Van den Eijnden, 1985) . Compound 17 was isolated from the urine of swaisonine-intoxicated sheep (Sadeh et al., 1983) (kindly supplied by Dr. CD. Warren, Massachusetts General Hospital, Boston, MA) by filtration on BioGel P-4 and HPLC on Lichrosorb-NH2 using methodologies described before (Blanken et aL, 1982 3 H]Gal (36 Ci/mmol) were purchased from New England Nuclear (Boston, MA) and were diluted with die unlabeled nncleotide sugars (Sigma) to give the desired specific radioactivity. Recombinant B4-GlcNAcT was produced in "High Five" insect cells (Invitrogen, San Diego, CA) as described previously (Bakker et al., 1994) .
Materials and methods

LacNAc pathway
LacdiNAc pathway GlcNAcT I, n, IV, V, and VI; O-linked chains: core 2-, core 3-, and core 4-synthase; lipid-linked chains: lactosylceramide (}3-GlcNAcT; all chains: 3-GlcNAcT, i-enzyme) (reaction 1) form acceptor sites for B4-GaIT (reaction 2), B4-GalNAcT (reaction 3), and B4-GlcNAcT (reaction 4). B4-GaIT and B4-GalNAcT act on any terminal B-GlcNAc. These enzymes control the key step of the lacNAc and lacdiNAc pathway, respectively. The B4-GlcNAcT highly prefers terminal B-GlcNAc residues linked l->6 to Gal or GalNAc. This enzyme might be implicated in a novel variant pathway that is tentatively referred to as die "chitobio" pathway.
Partial purification of recombinant and prostate gland $4-GlcNAcT by affinity chromatography
The following procedure was carried out at 4°C. Culture medium (180 ml) of High Five insect cells, containing the recombinant enzyme, was brought to 10 mM sodium-cacodylate pH 7 and 10 mM MnCl 2 . Remaining cells and deposits were removed by centrifugation (10 min, 5000 x g). The supernatant was dialyzed overnight against 10 mM sodium-cacodylate pH 7, 10 mM MnCl 2 and applied to a column (1.5 ml) of UDP-hexanolamine-Sepharose 4B (8.7 ujnol ligand/ml gel) prepared according to Blanken and Van den Eijnden (1985) at a flow rate of 3 ml/h. The column was washed with 10 bed volumes of the same buffer containing 50 mM NaCl and eluted with 10 mM Na-cacodylate pH 7 containing 1 M NaCl, and 10 mM UMP. Fractions were assayed for GlcNAcT activity, peak fractions were pooled (1.5 ml) and dialyzed against 10 mM sodium-cacodylate pH 7 containing 10 mM MnCl 2 an( ' 50% glycerol. The rctentate (0.5 ml) was stored at -20°C until use. Virtually no loss of activity was encountered in the procedure. Lstagnalis prostate glands (4 g) were homogenized in 8 ml 0.5% Triton X-100. After 2 h the homogenate was centrifuged for 15 min at 30,000 x g. The supernatant was diluted to yield an extract of 40 ml in 0.1% Triton X-100, 10 mM sodium cacodylate pH 7, and 10 mM MnCl 2 . From the extract a partially purified preparation was derived essentially as described for the recombinant enzyme except that 0.1% Triton X-100 was added to all buffers.
Glycosyltransferase assays
The standard incubation system contained in a volume of 50 u.1 25 nmol of either UDP-[ 3 H]GlcNAc (approximately 5 Ci/mol), UDP-[ 3 H]GalNAc (1 Ci/ mol) or UDP-['H]Gal (1 CiAnol), 1 (junol MnCl 2 , 0.2 ujnol ATP (to counteract enzymatic degradation of the nucleotide sugar), 5 ujnol sodium-cacodylate buffer pH 7, 25 \L% bovine serum albumin, 10 nraol 2-acetamido-1,2,5-trideoxy-l,5-imino-D-glucitol (to inhibit hexosaminidase action), 1 u.1 of partially purified enzyme (0.35 mU), and 50 nmol of oligosaccharide acceptor. After incubation at 37°C for 30 min the radioactive products were isolated by chromatography of the mixtures on a column (1 ml) of Dowex 1X8 (Cr-form) as described previously (Neeleman et aL, 1994) or, for substrates with a hydropbobic aglycon, on Sep-Pak C-18 cartridges (Waters, Milford, MA) as described by Pakic et aL (1988) . The radioactivity incorporated into the acceptor was assayed by liquid scintillation. Control assays lacking the acceptor substrate were carried out to correct for incorporation into endogenous acceptors. One unit is defined as the amount of enzyme capable of catalyzing the transfer of 1 junol of GlcNAc per min from UDP-GlcNAc using the standard incubation conditions with 1 mM GlcNAc-S-pNP as a substrate. Kinetic parameters (K m and V) were estimated from Lineweaver-Burk plots which were constructed by varying each acceptor substrate concentration from 03 to 10 mM while keeping the UDP-GlcNAc concentration at 1 mM. After calculating the initial K m values from these date, the final measurements were done using concentrations of 0.5, 1, 2, and 4 times these K m values. Similarly, to estimate the K m for UDP-GlcNAc, the nucleotide sugar concentration was varied between 0.03 and 1 mM and the concentration of the acceptor (GlcNAc-S-pNP) was kept at 1 mM.
The incubation with oligomers of GlcNAc was performed using the standard incubation conditions, but with 250 nmol of each GlcNAc, compound 9, 11, and 33 in one reaction mixture. After passage of the mixture through a Dowex 1-X8 column the products were separated on a Spherisorb S5-NH 2 HPLC column (Phase Separations, Deeside, UK). The radioactivity in the fractions 546 at Vrije Universiteit -Library on March 15, 2011 glycob.oxfordjournals.org
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Substrate specificity of snail fW-jV-acetylgiucosaminyltransferase was estimated by liquid scintillation counting and was used to calculate the incorporation into each of the acceptors.
GlcNAcBl-»3(GlcNAcBl->6)GalNAca; PAD, pulsed amperometric detection; pNP, para-nitrophenyl.
Large-scale incubations
Large-scale incubations were conducted in a volume of 0.5 ml containing 1.5 UJDOI of compound 27 or 32, 2.5 nmol UDP-[ 3 H]GlcNAc (0.02 Ci/mol), recombinant B4-GlcNAcT (14 mU, 40 uJ) and the other components of the standard incubation system at the same concentrations as described above. After incubation for 4 h at 37°C the excess UDP-GlcNAc was removed by chromatography on Dowex 1-X8 (compound 32) or Sep-Pak (compound 27). The products were then isolated on a column (1.6 x 200 cm) of Bio-Gel P-4 (200-400 mesh) equilibrated and eluted in 50 mM ammonium acetate pH 5.4.
MHz 'H-NMR spectroscopy
Samples were desalted on a column (0.7 x 45 cm) of Bio-Gel P-2 (200-400 mesh) run in water. Prior to NMR spectroscopy they were treated with 2 H 2 O (99.75 atom%; Merck, Darmstadt, Germany) three times with intermediate lyophilization. Finally, the samples were redissolved in 360 pJ ^jO ( 99.95 atom*; Aldrich, Milwaukee, WT). 'H-NMR spectroscopy was performed at 400-MHz on a Bruker MSL-400 spectrometer (facility of the Department of Physics, Vrije Universiteit, Amsterdam, The Netherlands) operating in the Fourier-transform mode. The probe temperature was kept at 300 K. Resolution enhancement of the spectra was achieved by Lorentzian-to-Gaussian transformation. Chemical shifts are expressed downfield from 4,4-dimethyl-4-silapentane-1 -sulfonate, but were actually measured by reference to internal acetone (8 = 2.225 ppm).
Acetolysis and HPAEC of products
Acetolysis of compound 32 and its mono and di-N-acetylglucosaminylated reaction products obtained as described under Large-scale incubations was carried out according to Foumet et aL (1980) . One hundred to 300 nmol of material was digested for 24 h at 20°C in 1 ml of a mixture of acetic acid, acetic anhydride, and sulfuric acid (10:10:1, by volume) and aliquots of the resulting digest were analyzed by high-pH anion-exchange chromatography widi pulsed amperometric detection (HPAEC-PAD). The system consisted of a Dionex Bio-LC gradient pump, a CarboPac PA-100 column (9 x 250 mm), and a PAD model-2 detector. The conditions for chromatography and detection were as described previously (Bakker et al., 1994) . Fractions of 0.5 ml were collected and counted by liquid scintillation.
Methylation analysis
To establish glycosidic linkages samples containing 50 nmol of oligosaccharide were permethylated according to Ciucanu and Kerek (1984) . Subsequently, the materials were hydrolyzed, reduced, and peracetylated as described by York et aL, (1985) , except that NaBH 4 in stead of NaBD 4 was used in the reduction step. Gas chromatography-mass spectrometry of the resulting partially methylated alditol acetates was performed on a Hewlett Packard 5890 gas chromatograph, equipped with a column (0.25 x 25 mm) containing CP Sil 19 CB (ChrompackyVG 30-250 mass spectrometer combination. Samples were injected on the column at 120°C applying a gradient after 3 min raising the temperature to 280°C at 7°C per minute after which the temperature was kept constant for 5 min.
